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Abstract
Observations of the cosmic microwave background (CMB) anisotropies in temperature and polarization allow us to
characterize the initial conditions of the universe, thus constraining new physics many orders of magnitude beyond the
particle physics Standard Model and possibly just a few orders of magnitude below the Planck scale. We brieﬂy review
the physics of the CMB and present some recent highlights of the current observations of the T and E modes. The
status of B mode searches is also brieﬂy reviewed. Finally, the future of CMB observations is discussed, indicating
several areas where qualitative advances may be expected.
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1. Introduction
Cosmology, the search for the origins of our observ-
able universe, has undergone a period of rapid progress
starting with the discovery of the anisotropy of the 2.725
K cosmic microwave background (CMB) by the NASA
COBE satellite announced in 1992 [1]. According to
the presently accepted lore, the universe began in a very
close to homogeneous and isotropic state—at least on
the scales currently accessible to us today, limited by the
size of our current horizon—and evolved into its present
state, with large irregularities on small scales result-
ing from gravitational instabilities. Initially these small
scales were well described by simple linear physics,
but as the initial perturbations grew with time, they be-
came nonlinear and complicated, with power from large
scales cascading down to smaller scales. For this rea-
son it is not possible to characterize the initial con-
ditions, except perhaps on the very large scales, us-
ing observations that probe the recent universe such as
galaxy surveys. Moreover, most probes of the recent
universe, with the exception of weak lensing surveys,
do not probe the density contrast directly, and conse-
quently their interpretation is not straightforward.
The perturbations of the CMB, which may be mea-
sured both in temperature and in polarization, by con-
trast, were for the most part imprinted much earlier
when the universe was about a thousandth its present
size. During this early epoch the cosmological pertur-
bations were very nearly linear, so that a clean con-
nection can be established between theoretical models,
on the one hand, and the observations, on the other
hand. The details are slightly more complicated than
presented here, and for an up-to-date review see for ex-
ample [2] and references therein, but a simpliﬁed de-
scription for how the CMB anisotropies were imprinted
goes as follows.
Early on, when the universe was completely ionized,
the photon-electron-baryon plasma was tightly coupled,
acting as a ﬂuid component with a small viscosity. How-
ever as the universe expanded and cooled down, the
electrons and nuclei (about 75% protons and 25% alpha
particles by weight) recombined to form neutral atoms,
which are virtually transparent to the CMB photons. Af-
ter recombination the CMB photons travelled ballisti-
cally to us today without ever being rescattered. This is
not exactly true because ≈ 7% of the photons are subse-
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Figure 1: The CMB as seen by Planck. This map was produced by combining the single-frequency Planck maps in a way optimized to project out
foreground contaminants, most notably diﬀuse synchrotron emission, free-free emission, and thermal dust emission from our galaxy. See Ref. [10]
for more details. (Credit: ESA/Planck Collaboration)
quently rescattered by the gas ionized by the UV radia-
tions from the ﬁrst stars and quasars.
A not too inaccurate approximation of the CMB tem-
perature anisotropy ΔT (Ωˆ) seen today (where the unit
vector Ωˆ ∈ S 2 parameterizes the celestial sphere) asso-
ciates directions on the sky with points on the surface of
last scattering or last scattering surface (LSS), a sphere
formed by the intersection of our past light cone with
the constant time surface at redshift z ≈ 1100. Three
principal eﬀects contribute to the observed anisotropy:
(1) the gravitational redshift (the same eﬀect that was
ﬁrst demonstrated in the Pound-Rebka [3] experiment
except that here the background spacetime is expand-
ing), (2) the intrinsic temperature ﬂuctuations of the
blackbody photon gas on the LSS, and (3) a Doppler
term arising from the peculiar velocity v of the photon-
baryon plasma. The combination of these three eﬀects
gives the celebrated Sachs-Wolfe formula:
ΔT f
T f
=
ΔTi
Ti
+ Φ +
1
c
v · Ωˆ (1)
where ΔTi/Ti and Φ are the intrinsic temperature ﬂuc-
tuation and Newtonian gravitational potential, respec-
tively, on the last scattering surface, and v is the ‘pe-
culiar’ velocity of the blackbody photon gas there. We
have neglected the integrated Sachs-Wolfe term, which
is important only on very large angular scales [4].
The simpliﬁed caricature above ignored the ﬁnite
width of the last scattering surface, idealizing that the
transition occurs instantaneously from a tightly-coupled
photon-baryon plasma (where the CMB photon mean
free path is negligible) to a state transparent to the CMB
photons. In reality this transition is not completely
sharp. Beyond attenuating ΔT/T on small angular
scales, the nonzero thickness of the last scattering sur-
face also gives rise to a polarization of CMB anisotropy.
Because Thomson scattering (the scattering of photons
by free electrons) is polarization dependent, the two
components of the polarization of the CMB seen today
are roughly proportional to two of the ﬁve quadrupole
moment components of the temperature anisotropy as
seen by the electron of last scattering. (Here we neglect
the polarization seen by the electron at last scattering.)
This polarization anisotropy provides extra information
beyond that provided by the temperature anisotropies as
well as providing a consistency check.
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Figure 2: CTT

, CTE

, and CEE

, as measured by Planck 2015. The
solid curves indicate the predictions of the best ﬁt six-parameter base
ΛCDM theoretical model, which are compared to the observed binned
power spectrum data for which the error bars include both cosmic
variance and instrumental error (arising largely from white noise from
the detector and from the intrinsic ﬂuctuations of the stream of in-
coming photons). See Ref. [5] for more details. (Credit: ESA/Planck
Collaboration)
2. Current state of the observations
Since the above mentioned ﬁrst detection of the CMB
by the COBE satellite in 1992, a large number of exper-
iments from the ground and from stratospheric balloons
have been carried out as well as two successor satellite
missions, the NASA WMAP mission launched in 2001
[6, 8, 9] and the ESA Planck mission launched in 2009
[11, 10]. For reasons of space, it is not possible to re-
count the historical development of our observational
knowledge of the CMB anisotropies, and we refer the
reader to [2] and the references therein for more details.
Instead we emphasize the recent 2015 results from the
ESA Planck mission,1 described more fully in a series
of 28 papers, and of course we can cover only a few of
the highlights here.2
The ESA Planck satellite was launched in May 2009.
The full mission includes 29 months of scientiﬁc data
taken by the HFI (High Frequency Instrument) cover-
ing ﬁve frequency bands centered about 100 GHz, 217
GHz, 353 GHz, 545 GHz, and 857 GHz using highly
sensitive bolometric detectors cooled down to 100 mK
and 48 months of data taken by the LFI (Low Frequency
Instrument) covering the three channels at 30 GHz, 44
GHz, and 70 GHz using coherent ampliﬁcation based
on HEMT technology. The ﬁrst cosmological results
from Planck were released in 2013 and included only
the nominal mission (consisting of about half the data)
and used only the temperature data. The second release
in February 2015 included the full mission data and also
the high  polarization data (as well as the 70 GHz low
 polarization). (See Fig. 1 for a sky map of the CMB as
seen by Planck produced by taking linear combinations
of the various frequency channels in order to isolate the
CMB and exclude galactic and other foreground con-
taminants.) The analysis of the low  polarization in-
cluding all the Planck frequencies constitutes work still
in progress and will be released probably in early 2016.
In the simplest model for the very early universe
based on single-ﬁeld cosmic inﬂation with a canonical
kinetic term and a smooth potential, the cosmological
perturbations are predicted to have been generated by an
isotropic Gaussian stochastic process. For this special
1Planck (http://www.esa.int/Planck) is a project of the European
Space Agency (ESA) with instruments provided by two scientiﬁc con-
sortia funded by ESAmember states and led by Principal Investigators
from France and Italy, telescope reﬂectors provided through a collab-
oration between ESA and a scientiﬁc consortium led and funded by
Denmark, and additional contributions from NASA (USA).
2A full listing of the publications of the Planck col-
laboration including links to the papers is available at:
http://www.cosmos.esa.int/web/planck/publications
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Figure 3: Comparison of σ8-Ωm posteriors from Planck SZ cluster
sample (+BAO+BBN) and from the CMB power spectra alone.
The Planck CMB alone results suggest a value of σ8 signiﬁcantly
higher than the value implied from the Planck SZ cluster abundances.
From ref. [15]. (Credit: ESA/Planck Collaboration)
type of stochastic process, all the available information
in the CMBmaps concerning the underlying model may
be summarized or compressed into the observed power
spectra, which depend only on the multipole number .
For the temperature maps the power spectrum is denoted
as CTT , and when the E mode of the polarization is in-
cluded, CTT , C
TE
 , and C
EE
 . Fig. 2 shows these power
spectra as reported in the Planck 2015 release using the
full set of data collected and including the high- po-
larization [10, 5]. Similarly the theoretically predicted
power spectra are the only quantities needed for com-
paring model predictions to the CMB observations un-
der the hypotheses of statistical isotropy and Gaussian-
ity.
Probably the most important conclusion from Planck
2013 and Planck 2015 analyses is that but for a few
anomalies at modest statistical signiﬁcance (described
in more detail below), a simple six-parameter cosmo-
logical model3 suﬃces to account for the current ob-
servations. This is the same conclusion as that reached
by the WMAP team in 2003, which John Bahcall aptly
summed up at the WMAP press conference in the fol-
lowing way: “The biggest surprise is that there is no
surprise.” To some the survival of the ‘concordance’
model may seem boring and even an utter disappoint-
3The six parameters are the amplitude of the scalar primordial per-
turbations AS , their spectral index nS , ωb = h2Ωb, ωc = h2Ωc, H0,
and τ where a ﬂat spatial geometry has been assumed.
ment. Others may ﬁnd satisfaction in seeing a model
conﬁrmed in the face of greatly improved observations.
Compared to WMAP, Planck has roughly twice the an-
gular resolution and ten times the sensitivity.
We however note a few wrinkles to this concordance
story in the form of the following anomalies, which
while not statistically compelling, could constitute signs
of new physics or of some new element that is presently
missing in the story:
1. Dipole modulation (or bipolar disorder) of small-
scale CMB power. The amplitude of the CMB
anisotropies should be the same in all directions on
the sky, in particular opposite directions. WMAP
noted a dipole modulation, which was conﬁrmed
by Planck. However Planck found that the modu-
lation did not extend to large  where it would be
easiest to measure because of the decreasing error
from cosmic variance. It is not clear whether this
is a statistical ﬂuke resulting from observing but a
single sky or a sign of something more profound
deserving a theoretical explanation [12, 13].
2. Power deﬁcit on large angular scales. The cos-
mological parameters as determined by Planck are
ﬁxed primary by the measured power spectra at
intermediate , where both cosmic variance and
instrument noise are low. A simple power law
power spectrum successfully ﬁts the observations
there, and most of the constraint on a possible run-
ning originates from that intermediate range in 
as well. However the extrapolation of the base
ΛCDM model to low  gives a theoretical predic-
tion for CTT that is about 10% higher than the ob-
served CMB power at low . Moreover there is a
dip observed at around  ≈ 20. The statistical sig-
niﬁcance of this eﬀect is modest (around 2σ). It is
unclear how this deﬁcit should be interpreted [14].
3. Disagreement of cosmological parameters ob-
tained from the Planck SZ catalogue with the pa-
rameters obtained from the CMB power spectra.
Galaxy clusters are rare objects resulting from out-
liers of extreme concentrations of mass. Since they
lie in the tail of a Gaussian, the abundance of these
objects is a sensitive probe of the amplitude of the
primordial perturbations as well as of the recent ex-
pansion history of the universe. Clusters predict a
value of σ8 (i.e., the rms fractional mass ﬂuctua-
tion within a sphere of radius 8 h−1 Mpc) in dis-
agreement with the value obtained from analyzing
the CMB power spectra, and at face value this dis-
agreement is statistically signiﬁcant. (See Fig. 3
for a quantitative illustration of this disagreement.)
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It is not clear how to interpret this situation. Has
our understanding and modelling of cluster physics
been exaggerated? Is there some element of new
physics missing [15]?
The problem is that the cluster abundance observed
using an appropriately deﬁned subset of the Planck
SZ cluster catalogue is smaller than the abundance
expected based on the cosmological parameters in-
ferred using the Planck CMB power spectra and
the base ΛCDM cosmological model. This dis-
crepancy could have a number of possible expla-
nations. The clusters are characterized in the cat-
alogue in terms of their integrated y spectral dis-
tortion, denoted as Y; however, simulations pre-
dict abundances in terms of an appropriately de-
ﬁned cluster mass M, so a relation between the two
must be established. In the 2013 Planck analysis,
X ray data interpreted under the assumption of hy-
drostatic equilibrium was used to calibrate the Y-
M relation, and a bias estimated using simulations
was applied to correct for the non-thermal pressure
(e.g., turbulent pressure, bulk velocities). An un-
derestimate of cluster masses could reconcile the
two data sets. In the 2015 Planck analysis lensing
data was also used to help calibrate the mass deter-
minations. Other proposals such as large neutrino
masses have been proposed to resolve the discrep-
ancy [16].
There are several ways to determine whether it is nec-
essary to extend the base ΛCDM model. A model-
independent method is to examine the goodness-of-ﬁt,
but without some sort of smoothing this is more a test
of the error model than a probe of new physics, because
competing theoretical models hardly vary on scales hav-
ing a coherence of Δ ≈ 1.Most of the degrees of free-
dom represent almost redundant measurements. A qual-
itative method to assess how well this minimal model
explains the data is to examine the plots of the residuals,
shown at the bottom of each panel in Fig. 2. Excess vari-
ance of the binned points and especially the tendency of
several neighboring points to lie on the same one side
of the null axis would suggest a failure of the model.
For the TT spectrum the ﬁt is good at high , but we
observe a power deﬁcit at low  and in particular a dip
around  ≈ 20. This low  deﬁcit was already observed
by WMAP [7] and Planck 2013 [17]. In Planck Inﬂa-
tion 2015 [18] a reconstruction of the primordial power
spectrum was carried out using three independent meth-
ods, all of which gave results consistent with a simple
power law at large k. However these methods all recon-
structed a dip at low k but without ascribing a high sta-
tistical signiﬁcance to this feature [18]. This dip in k
is associated with the dip in CTT around  ≈ 20. For
the polarization, the residuals in CTE and C
EE
 shown in
Fig. 2 look less good, but the Planck 2015 analysis notes
that the polarization data includes some systematics, in
particular some T to E leakage [14], whose impact has
not yet been fully quantiﬁed.
Another way to test the base ΛCDM model is to con-
sider one or more parameter physically motivated ex-
tensions to this model applying statistical tests to see
whether the data provide statistically signiﬁcant evi-
dence in favor of extending the model. Extension con-
sidered in the 2015 Planck analysis include: a model
with a non-ﬂat spatial geometry (parameterized byΩk 
0), a model with a variable number of eﬀective light
neutrino species (where Ne f f  3.04) whose primary
eﬀect is to alter the expansion history around matter-
radiation equality, a model allowing a running of spec-
tral index dnS /d[log(k)], and models in which various
sorts of isocurvature modes are present in addition to
the adiabatic mode [18, 5]. Such analyses address two
distinct questions: (1) Does the data indicate that an ex-
tension to the base model is required? (2) What are
the constraints on the parameters characterizing possi-
ble deviations from the base model?
While the Planck 2015 results currently provide the
best measurements of the CMB angular power spectrum
at low and intermediate , the modest size of the Planck
primary mirror (≈ 1.5 m in diameter) prevents Planck
from measuring the power spectrum at very large . By
contrast, the ACT and SPT telescopes, located in the
Atacama desert in Chile and at the South Pole, provide
measurements of the power spectrum on smaller angu-
lar scales owing to their mirror sizes of 6m and 10m,
respectively. ACT [19] and SPT [20] probed the CTT
power spectrum in the damping tail on very small an-
gular scales beyond the resolution of Planck and found
that the spectrum is consistent with the predictions of
the concordance model. The multi-frequency data from
ACT and SPT also proved invaluable for validating the
Planck modelling of high- foregrounds.
Another important Planck result with profound im-
plications for inﬂationary model building was the con-
straints on primordial bispectral non-Gaussianity. In
the Planck analysis described so far exploiting the two-
point function, it was assumed that the underlying pro-
cess imprinting the anisotropies on the CMB was Gaus-
sian, and thus all the available information resides in the
two-point function, or equivalently in the various power
spectra as a function of .However Gaussianity is an as-
sumption that can be tested using the observations—that
is, the cleaned full sky maps delivered by Planck con-
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taining only the primordial CMB. Although single-ﬁeld
inﬂationary models predict a level of non-Gaussianity
too small to be detected by Planck [21, 22], a host of
multi-ﬁeld and other non-minimal inﬂationary models
exist that predict an observable bispectral signal. (See
[23, 24] and references therein.) For most of these mod-
els, the non-Gaussian signal can be observed through
the three-point function, or the CMB bispectrum. Each
given model predicts a particular shape for the bispec-
trum, which allows the data to be combined in an op-
timal way for making a detection of nonzero bispectral
non-Gaussianity. One such shape is ‘local’ bispectral
non-Gaussianity, where in three-dimensional position
space to lowest order the non-Gaussianity is generated
according to the following Ansatz:
ζL(x)→ ζNL(x) = ζL(x) + f (local)NL
[
ζL(x)
]2
. (2)
Here ζ is an invariant conserved on superhorizon scales
used to characterize the scalar adiabatic cosmological
perturbations, x ∈ R3 is the three-dimensional spa-
tial coordinate, ζL(x) is an input Gaussian stochastic
ﬁeld, and ζNL(x) is the ﬁeld with the local non-Gaussian
correction applied whose amplitude is proportional to
the local bispectral non-Gaussianity parameter f (local)NL .
Other shapes may be considered as well.
Based on hints from WMAP, many theorists were
hoping that Planck would make a ﬁrst detection of non-
Gaussianity. However in 2013 Planck reported the limit
f (local)NL = 2.7 ± 5.8 (68% CL), which subsequently
evolved to f (local)NL = 0.8 ± 5 with polarization included
in the 2015 release, thus ruling out a large number
of models [23, 24]. Searches for other types of non-
Gaussianities and for violations of statistical isotropy
(i.e., preferred directions in the sky) are described in
[12] and [13].
3. Status of B mode searches
In March 2014 based on observations at a single fre-
quency (150 GHz) over a small particularly clean patch
of the sky (≈ 2% of the sky), the BICEP2 team an-
nounced that they found evidence at high statistical sig-
niﬁcance of B modes in their map and suggested that
this signal should be taken as a discovery of primor-
dial gravitational waves from inﬂation [25, 26]. Their
press conference made all the major newspapers and
sparked considerable enthusiasm among the general
public. A key element to the primordial interpretation
advanced by the BICEP2 team was excluding an expla-
nation based on polarized thermal dust emission from
our galaxy. The original preprint version of the BICEP2
paper presented a number of polarized dust models, but
publicly available observational data needed to justify
these models was lacking. An independent analysis cast
doubt on the BICEP2 claim [27]. In September 2014
the Planck team published a paper on the level of polar-
ized dust emission measured across the whole sky, and
in particular in the BICEP2 ﬁeld [28]. This work also
extrapolated the polarized dust signal seen in the Planck
353 GHz map (a frequency in the Wien tail of the CMB
blackbody where dust dominates) down to 150 GHz and
reached the conclusion that the BICEP B mode signal
could be entirely explained by polarized dust emission
although a primordial B mode contribution could not be
ruled out.
Subsequently, a cross-correlation study was carried
out jointly by the Planck collaboration and the BICEP2
team, which also included data from the Keck Array.
The result of this study is an upper limit on the tensor-
to-scalar ratio r with r < 0.12 at 95 % conﬁdence [29].
This limit is numerically almost identical to the Planck
2013 and 2015 limits obtained by analyzing the de-
tailed shape of the temperature power spectrum [30, 18].
However the new limit obtained using B modes is much
more robust because it does not rely on assumptions
concerning the shape of the primordial scalar power
spectrum. For example, as reported in Planck Inﬂa-
tion 2013, the error bars on r blow up by almost a fac-
tor of two when a running of the spectral index is al-
lowed [30]. By contrast, for limits based on B modes,
the bound on r cannot be evaded by baroque models
because the primordial scalar power spectrum does not
give rise to any B mode polarization signal at linear or-
der.
As discussed in more detail below, searching for B
modes from inﬂation is the primary science goal of a
number of current and future CMB experiments, and it
is certain that in the next ﬁve years the upper bound on
r0.05 will be lowered substantially in the case where a
ﬁrst detection is not made. It is not clear whether B
modes will be discovered by suborbital experiments, or
whether a ﬁrst detection will have to await a future CMB
polarization satellite such as LiteBIRD [31] or COrE+
[32], or maybe even PIXIE [33], which aims to search
for B modes in addition to improving on the FIRAS
measurement of the absolute spectrum. The outcome is
likely to depend both on the value of r and on the com-
plexity of the foregrounds. As foregrounds are probed
at ever greater sensitivity, the simple models able to ex-
plain the data at present are likely to break down.
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4. Future challenges for CMB research
The T (unpolarized) and E mode (polarized) CMB
anisotropies have been mapped out across the full sky
at almost the cosmic variance limit over a large range
of angular scales. Once an alm has been measured at a
signal to noise ratio slightly better than one, the return
frommeasuring it at even greater sensitivity is marginal.
At that point the fundamental limitation is that we have
only one sky to observe. We are trying to determine an
underlying stochastic process from a ﬁnite number of
realizations. The maximum  to which one can hope to
precisely map the primordial CMB anisotropies is about
 ≈ 3000. Beyond approximately that multipole number
other non-primordial signals rapidly come to dominate
and recovering the primordial signal faithfully becomes
implausible. This is because the power from compact
sources grows as approximately 2 whereas the CMB
signal, whose dependence is 0 at low , falls expo-
nentially with  at large , in the damping tail, which
arises from a combination of Silk damping and the ﬁnite
width of the last scattering surface. At large  the power
spectrum is dominated by compact sources, which in-
clude the thermal Sunyaev-Zeldovich (tSZ) eﬀect from
galaxy clusters, dusty IR galaxies, and radio galaxies,
which in principle have a frequency dependence diﬀer-
ent from the primary CMB anisotropy, but there is also
gravitational lensing, kinetic Sunyaev-Zeldovich (kSZ)
eﬀect, and patchy reionization, all of which have pre-
cisely the same frequency dependence as the sought pri-
mary CMB signal. For polarization, the situation may
be slightly better, allowing one to push to slightly larger
 because at high  the ratio of polarized foreground
power to the primary CMB power is smaller, despite the
fact that instrumentally the signal is smaller and requires
better sensitivity. The Planck satellite has measured the
T anisotropies at S/N >∼ 1 up to  ≈ 1200 and the E
mode polarization up to about  ≈ 700. Consequently
there is a modest (factor of a few) improvement to be
had in mapping the sky at greater sensitivity for the T
and E mode anisotropies.
For the B modes the situation is completely diﬀerent.
A convincing ﬁrst detection is lacking. For the B modes
there are two distinct science goals: (1) measuring the
primordial B modes from cosmic inﬂation, and (2) mea-
suring B modes on smaller angular scales to reconstruct
the CMB gravitational lensing potential. For the former,
the signal is concentrated in two windows: (a) a ‘reion-
ization’ bump situated at  <∼ 10,most likely only acces-
sible using observations from space, and (b) a ‘recom-
bination’ bump, situated roughly around 70 <∼  <∼ 100.
At higher , the primordial signal plummets, but this
is where the gravitational lensing signal is best probed.
Using the B mode to probe gravitational lensing is supe-
rior to for example measuring just T and E at the same
scales inﬁnitely well. This is because the lensing of
the E mode into the B mode hardly suﬀers from cos-
mic variance for the simple reason that in the absence
of lensing there is no B mode on small angular scales.
Below we list a few of the future hot topics in CMB
observation:
1. Searching for primordial B modes. Several
ground-based and balloon based B mode experi-
ments are currently underway, and three CMB po-
larization space missions have been proposed, al-
though none has yet been funded. How this en-
deavor will unfold depends crucially on the value
of r, and theory is unable to provide unambiguous
predictions as to where r should lie. If r lies not
too far below the current bounds discussed above,
a ﬁrst detection will be made by a suborbital ex-
periment and conﬁrmed from space. If r is a lot
smaller, a detection will have to await a future ded-
icated CMB polarization satellite such as COrE+
[32], LiteBIRD [31], or PIXIE [33].
Removing foregrounds to obtain clean CMB maps
for B mode searches will become a major chal-
lenge, especially if r turns out to be very small. The
central CMB channels (say in the range 70-150
GHz) have been relatively foreground free, so that
a modest amount of cleaning suﬃces for extracting
the primordial science. In the future as one pushes
toward smaller values of r, the majority of the sig-
nal at will be dominated by foregrounds at all fre-
quencies. The challenge will be not only to clean
out the sought primordial signal but also to make a
convincing case that the signal is not an artifact of
an oversimpliﬁed foreground model. Another chal-
lenge will be controlling systematic errors. Since
the B mode signal is so much smaller than (1) the
CMB monopole, (2) the CMB T anisotropy, and
(3) the CMB E polarization anisotropy, it is essen-
tial to control all the possible leakages from these
three dominant signals into the B mode. For exam-
ple, diﬀraction and stray reﬂections can convert the
CMBmonopole into B modes, elliptical beams can
convert T into B, and improperly calibrated polar-
ization angles can convert E into B, to name just a
few example. There is a debate whether future ex-
periments should employ polarization modulation,
for example by means of a rotating half-wave plate
to project out some of these leakages, or whether
other means (e.g., cancellations and redundancy in
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the scanning pattern, or an exquisitely accurate cal-
ibration so that corrections can be applied) are bet-
ter for controlling these leakages.
2. Gravitational lensing of the CMB. Planck has
measured CMB lensing now at the level of 40σ
[34, 35], thus demonstrating the feasibility of using
the primordial CMB anisotropies as a source plane
for gravitational lensing studies of the intervening
clumped matter. In the 2015 Planck release includ-
ing the lensing likelihood served primarily to break
the AS -τ degeneracy using the CMB observations
alone, but better lensing observations of the CMB,
either from the ground or from space, promise to
greatly increase the constraining power from CMB
lensing. The CMB lensing signal resides mainly
on the smallest angular scales where the primor-
dial CMB signal can be cleanly resolved. One ap-
plication of CMB lensing is to constraining abso-
lute neutrino masses, in particular to distinguish
the normal hierarchy from the inverted hierarchy
(assuming in both cases the most likely scenario
where the neutrino masses are as small as they can
be given the mass diﬀerences ﬁxed from current
neutrino oscillation data) [32, 36].
3. Thermal Sunyaev-Zeldovich eﬀect (tSZ). Clus-
ters of galaxies are ﬁlled with hot ionized gas,
whose electrons rescatter CMB photons and im-
print spectral distortions due to the Doppler eﬀect
from the random thermal motions of the electrons.
The low frequency CMB (i.e., ν < 217 GHz) suf-
fers a brightness temperature decrement due to this
eﬀect, while the high frequency CMB suﬀers a
brightness temperature increment. Because of its
unique template in frequency, the tSZ eﬀect can be
isolated both from the primary CMB anisotropies
and from other galactic and extragalactic fore-
ground contamination. The tSZ eﬀect allows us to
discover new galaxy clusters and also to character-
ize known clusters (e.g., those discovered in X ray
surveys) in a complementary way. The tSZ signal
(which scales as ne) is complementary to studies
of the X-ray emission from galaxy clusters (which
scales as ne2). Consequently SZ maps of galaxy
clusters better probe the region away from the cen-
tral core. The SZ signal also has a tighter correla-
tion with cluster mass, making it a superior probe
for cosmological studies.
One of the current puzzles of the cluster sam-
ple obtained from the Planck survey is the dis-
agreement between the cosmological parameters
obtained from the Planck clusters and the parame-
ters obtained using the primary anisotropies alone.
The discrepancy is large (see the discussion above)
and could well arise because the present state of
cluster modelling is less reliable and precise than
previously believed, or alternatively it could be a
sign of something new.
4. Kinetic Sunyaev-Zeldovich eﬀect (kSZ). The hot
intracluster gas also leaves an imprint on the CMB
proportional to the peculiar velocity of the clus-
ter projected along the line of sight. The pecu-
liar velocity is measured with respect to the cosmic
rest frame, in which the local CMB monopole van-
ishes. Because of this property the measurement
of peculiar velocities using the kSZ eﬀect, unlike
with other techniques, does not degrade with in-
creasing redshift. Since the frequency dependence
of the kSZ is the same as that of the primary CMB
signal, the ultimate limitation to this technique is
confusion with the primary CMB anisotropies em-
anating from the surface of last scatter. Although
a ﬁrst detection of the kSZ eﬀect has been made
[37], the observations at both the high sensitivity
and the high angular resolution needed to exploit
this eﬀect are currently lacking.
5. Spectral distortions of the CMB. One of the ob-
servational pillars of the hot big bang cosmology
is the excellent agreement over a broad range of
frequencies between the observed CMB frequency
spectrum and a perfect Planckian blackbody spec-
trum. Without some sort of conspiracy, which
would be contrived or ﬁnely tuned, no other cos-
mological model can account for this coincidence.
To date the best observation of the CMB frequency
spectrum remains the measurements made by the
COBE FIRAS instrument in the 1990s [38, 39, 40].
This lack of improvement can be attributed to the
need to go to space in order to make very precise
measurements of the CMB absolute spectrum.
It has been proposed to repeat a COBE FIRAS-like
experiment but at a sensitivity improved by several
orders of magnitude. See for example the PIXIE
proposal [33]. At such enhanced sensitivity, the
observation of deviations from a perfect blackbody
spectrum is expected. Some of the sources of spec-
tral distortions (e.g., y distortion from recombina-
tion) are almost certain while others are of a more
speculative nature (e.g., energy injection from de-
caying dark matter or from spectral distortion from
dissipation of power on small scales through Silk
damping) [41].
It is clear that observations of the CMB anisotropies
have come a long way since their ﬁrst detection in 1992
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and have made major contributions to constraining ideas
about the early universe and cosmological models. It is
also evident that the story of the CMB is not over. In
this ﬁeld there remain many opportunities for advances
of a qualitative nature.
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